Abstract. An analytical expression for the impact cross section of rare-earth centres in solids has been deduced. The impact cross sections of four different Er'-centres in ZnS were calculated. The calculated data are in reasonable agreement with the experimental results. The impact cross sections of different excited states of Ho'-centres in ZnS were also calculated.
Introduction
ZnS thin films doped with Mn2+ ions or rare-earth ions are promising materials for electroluminescent planar display panels, which might be strong candidates for the nextgeneration solid planar display devices to replace cathode-ray tube displays [ 11. They are attracting an increasing amount of research [2] [3] [4] .
In these devices, electrons are accelerated in a high electric field (10' V cm-I). When the electrons have gained sufficient energy, they impact manganese centres or rare-earth centres. Light is emitted when the centres return to the ground state. The impact cross sections of luminescent centres are very important parameters in the understanding of the impact excitation process and in the estimation of the efficiency of impact excitation. Some researchers have studied this problem and put forward several methods for estimating the cross section approximately . In [5- 81 the orders of the magnitude of the cross sections of Mn" ions and trivalent rare-earth ions were estimated. The results cannot distinguish between different cross sections for different rare-earth ions, for different centres formed by the same rare-earth ions and for different excited states of a centre. The energy dependence of the cross section also remains unknown.
In view of this, we calculated the inelastic scattering cross sections based on the Born approximation by considering the Coulomb interaction between accelerated free electrons and the 4f electrons of rare-earth ions. Having applied the deduced expression, we calculated the impact cross sections of four different Er3+ centres in ZnS and the impact cross sections of different excited states of the Ho3+ centre in ZnS.
Theory
Considering inelastic direct Coulomb scattering of an electron by an atom or an ion in a 0022-3719/88/173381 + 06 $02.50 0 1988 IOP Publishing Ltd crystal, we have [9] where U is the impact cross section corresponding to the transition from state i to state f, m the mass of an electron, go the degeneracy of state i, k, the wavevector of the incident electron, k, the wavevector of the electron after scattering, Tlf the T-matrix element of scattering.
In the first Born approximation [ 101 where ro is the position vector of the incident electron, roll = lro -' , I , r, is the position vector of the jth electron of the target, Z is the charge number of the nucleus, z is the number of electrons of the target, I/Jl is the state of the target before scattering and V,is the state of the target after scattering. We use the plane-wave approximation for the incident electron.
Because of the orthogonality of the functions v f a n d vl, the integration of ( -Z / r O ) over r, vanishes.
Let us expand l/rlll in spherical harmonics. Assume that the incident electron does not penetrate into the 4f shell; then rl, > r,.
where Cy, is the spherical tensor operator
where
Neglecting higher-order terms in (4), we obtain where ( r ? ) = j ' R ; r'R,r' d r ( R is the radial part of the wavefunction y). We denote the two terms in ( 5 ) as o I and ol respectively. The first term ol in (5) can be connected with the spontaneous transition probability A,,,, corresponding to the transition from state f to state i. Considering the local-field correction [12], we obtain where n is the refractive index of the crystal.
Substituting (6) into ( 5 ) and assuming a parabolic energy band, we find that
18nm'e'C3 1 ko + k , g,,
where Eno is the energy difference between the initial state and the final state, and E is the energy of the incident electron above the conduction band. The second term cr2 in ( 5 ) can be calculated by the irreducible tensor operator method [ll].
Application

The impact cross sections of four different Er3+ centres in ZnS
'HI' are two primary radiative transition levels of Erz+. The electroluminescence spectrum of ZnS:Er3+ thin films is located in the region around 523-560 nm at room temperature and comes from 'HI' and ' S Z to 4115 transitions. In our previous work [ 131, usinglaser-selective excitation, four types of Er3+ centre in ZnS : Er3+ thin films were identified; their radiative transition probabilities A , for 'HI, and 'S3 to the ground state were obtained and are listed in table 1.
and 'S3
Using equation ( 7 ) , we calculated the impact cross sections U , of the four centres The impact cross section a , varies with the electron energy E as (
When €exceeds E,, a I first increases with increasing E . reaches a maximum and then decreases slowly (figure 1). The radiative transition probability A , for the 'S3,$2-411j$2 transition is an order of magnitude less than that for 'Hl,~2-4115~2 transition [13] . Since a , is proportional to A d , a1 for 'HIl is one order larger than u I for 'S3$>. The impact cross sections for 4Si are listed in table 2.
Using equation ( 5 ) , we calculated the impact cross section a? for 'HI1 of E$+:
a2 is much less than a l . The higher-order terms for I > 2 were also estimated; they are much less than a?. The total impact cross section aof of E$+ is mainly determined by o l , which is produced by the electric dipole transition.
From table 1. we see that the impact cross sections of different centres formed by the same rare-earth ions ?re different by up to a factor of 4, because they have different transition probabilities.
The impact cross sections of different excited states of Hoi+ in ZnS
The ground state of Ho3+ is 'I,. The intensity parameters and total radiative transition 
Discussion
In our previous work, we measured the impact cross section of the Er3+ centre to be approximately 2 x cm', corresponding to the transition from 'Il5 to 'H,, [ 3 ] . The calculated values of o1 (see table 1) are in reasonable agreement with the measured result, considering the complexity involved in calculating the impact cross sections of rare-earth ions in a crystal. The agreement indicates that the electric dipole transition makes the main contribution to the impact cross section for Er3+ in ZnS. If we do not consider the mixing of the configuration with opposite parity into the 4f" configuration, the electric dipole transition is forbidden. However, it is well known that most radiative transitions of rare-earth ions in solids are electric dipole transitions in nature; this implies that mixing between opposite-parity configurations is important in determining the radiative transition probabilities [ 111. Since the electric dipole transition probabilities of rare-earth ions are sensitive to the environmental situation (symmetry, crystal-field strength, charge compensator. etc), so is the impact cross section.
In previous work [ 131, it was found that four different Er3+ centres a, b, c and d have different impact cross sections, which is consistent with the above point. Furthermore, on comparison of the relative impact cross sections and radiative transition probabilities of centres a, b, c and d, it is found that, within the error, the larger the radiative transition probability of a centre, the larger the impact cross section of that centre; this gives further support to the results in this paper. In [ 161 similar calculations were made. Figure 1 in [ 161 gives some theoretical curves of impact ionisation cross sections against electron energy for different models a,, b , , az and b2. The curve of model b , has a shape similar to the curve in figure 1 in our paper. Above the threshold, the cross section increases, reaches a maximum and then decreases slowly with increasing electron energy. Although the curves in [ 161 have a similar shape, some points should be noted. In [16] , impact ionisation cross sections of traps are dealt with while, in our paper, impact excitation cross sections of rare-earth centres are considered. In the former process, an electron is ionised from a trap of depth E, to conduction band states by the electron impact. In the latter process, a rare-earth centre with multiple 4f electrons is excited from a low-energy level E, to a high-energy level E, of 4f configuration by the electron impact. The models and mathematical manipulations have some differences. In our model, the different 4f configuration states of a rare-earth ion are considered. The curve in figure 1 in our paper shows the energy dependence of the impact cross section of centre a in ZnS : Er3+, corresponding to the transition from 'II5 to *Hll ?.
Summary
An analytical expression for the impact cross section U for rare-earth centres in solids has been deduced, based on the Born approximation and the Coulomb direct process. The energy dependence of the impact cross section is obtained. The impact cross sections of different rare-earth centres and different excited states of the same centre can be calculated. For Er3+ in ZnS, the calculated values of U are in reasonable agreement with the measured results. The impact cross section of Er3+ in ZnS is mainly determined by the dipole transition process which is allowed by mixing between configurations with opposite parities.
